Malaria, whose most severe form is caused by a protozoan parasite, Plasmodium falciparum (Pf), remains the world's most prevalent vector-borne disease. The spread of chloroquine-resistant strains (CQR) of Pf and the absence of a suitable replacement for this once effective antimalarial created an urgent need to understand the biochemistry behind the drug's action. 1 The intraerythrocytic growth stage of Pf involves hemoglobin proteolysis as the primary nutrient source with the concomitant release of free heme. The liberated heme is detoxified by the parasite into an inert crystalline material, called malarial pigment, or hemozoin. 2, 3 According to the recent hypothesis, chloroquine inhibits heme aggregation in ring or early-stage malaria trophozoites. 4 It has been shown that hemozoin is chemically, 2,5 spectroscopically, 2,3 and crystallographically 6 identical and isostructural to its synthetic phase, -hematin. The magnetic susceptibility measurements and Mössbauer spectroscopy on -hematin suggested the presence of a single highspin (S ) 5 / 2 ) iron environment of largely axial symmetry in its bulk phase. 3, 7 Recently, the crystal structure of -hematin was solved by X-ray powder diffraction. 8 The structure is surprising in that rather than being a coordination polymer, as widely held before, 2, 3 it is a chain of dimers formed by the Fe III -protoporphyrin-IX molecules through reciprocal iron-carboxylate bonds to one of the propionic side chains of each porphyrin. The dimers then build chains linked by hydrogen bonds in the crystal. 8 Despite the congruous nature of much of the spectroscopic data for the natural and synthetic phases, there is still considerable ambiguity in interpretation of the Electron Paramagnetic Resonance (EPR) results concerning the characterization of their local Fe environment. 2, 7, [9] [10] [11] [12] For example, previous work performed at conventional X-band (9.5 GHz) frequency suggested a rhombic symmetry of the zero-field splitting (zfs) tensor, which was not in agreement with Mössbauer results. 7 In this report, we present the definite conclusions of the spin state and properties of the ground state of hemozoin and -hematin, using the power of multifrequency high-field EPR (HFEPR) to simplify and fully interpret spectra of the ferric ion. At the same time, we will use the HFEPR data to find correlations between structure and magnetic properties of both natural and synthetic malarial pigments.
Malarial pigment (hemozoin) was isolated from a K-1 chloroquine-resistant strain of Plasmodium falciparum. The pigment was isolated from late-stage trophozoites following nonproteolytic methods. 14 Homogeneous single-phase microcrystalline powders of synthetic -hematin were prepared by anhydrous dehydrohalogenation of hemin. 15 The structure of a building block of the malarial pigment, (Fe III -protoporphyrin-IX) 2 dimer, 1, has a five-coordinate high-spin Fe III , S ) 5 / 2 , which is located 0.47 Å out of the plane of the porphyrin and forms a relative short bond, 1.889 Å, with one of the oxygens of the protoporphyrin-IX propionic acid substituents. 13 The distance between the two Fe ions within the dimer is 9.05(1) Å, with a mean porphyrin plane separation of 4.44 Å. Due to their offsets, the nearest atoms in the porphyrin rings are separated by 5.00 (1) EPR spectra of hemozoin were acquired at cryogenic temperatures on two Bruker Elexsys spectrometers equipped with TE 011 resonators: Q-band (34 GHz) at the EPFL, and W-band (94 GHz) at the NHMFL. -Hematin was investigated in a wide range of frequencies (27-500 GHz) in transmission-type single-pass spectrometers at the NHMFL. 16 At each frequency, the -hematin spectrum consists of a strong turning point at high effective g eff ∼ 4.3-5.5, depending on frequency, and a weak turning point at g eff ) 2. At low frequencies (27-94 GHz), the high g eff absorption line is partly split into two components (Figure 1 ). In this frequency range, the spectra of hemozoin are nearly identical to those of -hematin. At higher frequencies, the splitting disappears, and a single line is observed ( Figure S1 in the Supporting Information).
At high frequencies (above ca. 270 GHz), a new turning point is detected in the -hematin spectra (Figure S1 ), appearing at yet § Polish Academy of Sciences. † E Ä cole Polytechnique Fédérale de Lausanne. ‡ Florida State University. ¶ McGill University. lower fields than the previously described high g eff transition. The new signal approaches zero field at ca. 350 GHz and starts increasing in field again at higher frequencies. Figure 2 summarizes all the resonances observed in -hematin as a function of EPR quantum energy (or frequency).
The HFEPR spectra obtained for hemozoin and -hematin can only be interpreted as originating from high-spin Fe III (S ) 5 / 2 ) described by a nearly axial spin Hamiltonian of the standard form, comprising both Zeeman and zfs terms,
). An observation of the zero-field transition at 350 GHz, which, in the axial case, is equal to 2|D|, yields the value of |D| ) 5.83 cm -1 . To our best knowledge, this is the first successful EPR detection of an inter-Kramers transition in a hemelike molecule. A complete set of intrinsic spin Hamiltonian parameters is delivered through a simultaneous fit to all the observed resonances, as previously described: 17 
.00(1) (the actual positive sign of D is given by simulations of single-frequency spectra shown in Figure S1 ). The splitting in the perpendicular turning point of the intra-Kramers transition at low frequencies indicates, however, that the zfs tensor may not be entirely axial, as suggested by HFEPR. A fit to the Q-band spectra, where the observed splitting is the largest, yields the |E| value of 0.2 cm -1 , that is, a rhombicity of the zfs tensor |E/D| equal to 0.035. This is in very good agreement with the previous Mössbauer spectroscopy conclusions. 7 The effect of the splitting decreasing and finally vanishing at higher frequencies is, however, puzzling since simulations show that it should increase rather than decrease. We see spin exchange as a tentative explanation of this phenomenon (see below).
In general, however, our results show that magnetic exchange within each dimer is negligible, even weaker than suggested by previous susceptibility measurements. 3 Otherwise, the ground spin state of the dimer would be zero or an integer number, and not, as observed by us, S ) 5 / 2 . Apparently, the significant distance between the two Fe centers and the number of chemical bonds between them make magnetic exchange very inefficient.
The spin Hamiltonian parameters obtained for the first time with high accuracy for a heme-like system are within the range observed in similar mononuclear Fe centers. It is known that the zfs parameter D in five-coordinated Fe(III) complexes depends on the nature of the axial ligand. Thus, D as measured by us is very similar in value to that determined for Fe in protoporphyrin-IX dimethyl ester with a fluoride axial ligand (5.0 cm -1 ) as measured by far-IR magnetic spectroscopy. 18 A more relevant comparison can be made with another porphyrinic Fe(III) complex, with Fe axially ligated by an acetate residue, whereas D was determined by Mössbauer spectroscopy as 7.5 cm -1 . 19 As for the small but measurable rhombic parameter E, its presence was detected both in Fe(DmePP-IX)-(N 3 ) 18 and in the above-mentioned complex with an axial acetate group, 19 and apparently depends on the symmetry of the ligand itself. The propionate linker between the two porphyrins in -hematin may be conducive to producing such a small rhombic distortion. An explanation of the effect of averaging of the E value with increasing EPR frequency remains outside the scope of the present work, but we mention here the analogy with averaging the dipolar broadening of EPR resonances in solids with increasing observation frequency in the intermediate exchange regime. 20 This analogy seems to be particularly attractive since the averaged perpendicular turning point at high frequencies actually gets narrower with increasing frequency and field in the solid, unlike the situation existing in a magnetically diluted system, such as myoglobin in frozen solution. 21 
